For all 209 RXTE observations of the 7-Crab X-ray nova XTE J1550-564, we analyzed the X-ray power spectra, phase lags, and coherence functions.
Introduction
XTE J1550-564 is an X-ray nova and black hole candidate discovered with the All Sky Monitor (ASM; Levine et al. 1996) onboard the Rossi X-ray Timing Explorer (RXTE) in 1998 September (Smith et al. 1998) . The outburst lasted until 1999 May; its duration was approximately 250 days, during which time RXTE performed an almost daily series of pointed observations. A summary of these observations can be found in Sobczak et al. (2000b) . Extensive spectral and timing studies of this source have been performed using these data. The source has been observed in the very high, intermediate, and high/soft outburst states of black hole X-ray novae, with an X-ray spectrum that can be well modeled by multicolor blackbody disk and power-law components (Sobczak et al. ,2000b Homan et al. 2000) .
The power spectra of XTE J1550-564 exhibit quasiperiodic X-ray oscillations (QPOs) at both high frequencies (∼ 100-285 Hz) and low frequencies (0.08-18 Hz) Sobczak et al. 1999; Cui et al. 1999; Homan et al. 2000) . Herein we are interested only in the latter 'low-frequency' QPOs. These QPOs can have large amplitudes, with peak to trough ratios as high as 1.5 , which indicates that they are a fundamental aspect of the accretion process. A sample lightcurve of XTE J1550-564 can be seen in Figure 1 of Sobczak et al. (2000a) , which explored the correlations between the QPO frequency and amplitude and the X-ray spectral parameters. They reported that both the power-law and the disk components are linked to the QPO phenomenon: QPOs are observed only when the power-law component contributes more that 20% of the 2-20 keV flux, and the QPO frequency generally increases as the disk flux increases.
Our focus in this paper is on the properties of the phase lags associated with the low-frequency QPOs. The Fourier time delay, or lag, can be computed to measure the phase lags between soft and hard X-ray energy bands. Recent studies have shown that the phase -4 -lags associated with low-frequency QPOs and their harmonics are quite complex. In one observation of GRS 1915+105, Cui (1999) found that the lower energy (soft) photons lagged behind the higher energy (hard) photons ("soft lag") for the fundamental QPO and it's 2nd harmonic; however, the higher energy photons lagged behind the lower energy photons ("hard lag") for the 1st and 3rd harmonics. Wijnands, Homan, & van der Klis (1999) reported even more complicated behavior from 14 observations of XTE J1550-564 near the end of the outburst. However, Wijnands et al. were able to show that the complicated phase lag behavior observed in these 14 observations actually consists of variations on only two fundamental types. Phase lags for 13 observations during the initial rise of XTE J1550-564 are discussed by Cui, Zhang, & Chen (2000) .
In this paper we analyze the phase lags for all 209 RXTE observations of XTE J1550-564. These observations cover the entire 250 day outburst cycle of the source and are the most complete and arguably the richest data set for any black hole X-ray nova. We find that there are three fundamental types of phase lag behavior -one more than reported by Wijnands et al. (1999) . The new type occurred during the first half of the outburst.
We discuss correlations between the phase lags and the X-ray spectral parameters, QPO frequencies, and amplitudes.
Observations and Data Analysis
The PCA data were accumulated with 125µs resolution in 'single bit' mode, providing two energy channels corresponding roughly to 2-6 and 5-13 keV (modes SB 125us 0 17 1s & SB 125us 18 35 1s), respectively. Above 13 keV, the event mode was used with 16 energy channels and 16µs time resolution (mode E 16us 16B 36 1s). The single bit data modes were combined into a single channel, resulting effectively in two energy channels covering 2-13 keV and 13-30 keV (which corresponds to PCA channels 0-35 and 36-255, -5 -respectively). These three data modes and channels ranges were not available for five of the observations listed in Table 1 . The alternate channel ranges for those observations are given in the footnotes to Table 1. We compute the phase lag between the two energy bands as follows (Bendat & Piersol 1986; Cui et al. 1997; Vaughan & Nowak 1997) . Let a(t) & b(t) denote the lightcurves in two energy bands with Fourier transforms A(f ) & B(f ). The cross spectral density or cross power spectrum is given by
where denotes an average over on ensemble of measurements. If R(f ) and I(f ) are the real and imaginary parts of C(f ), then the average phase lag of b(t) with respect to a(t) is ∆φ(f ) = tan
It follows that the time lag of b(t) with respect to a(t) is ∆t = ∆φ/2πf .
The coherence function, γ 2 (f ), is a measure of the linear correlation between two simultaneous time series as a function of frequency and is defined by (Bendat & Piersol 1986; Vaughan & Nowak 1997; Nowak et al. 1999) . The coherence functions reported here include a correction for the effects of Poisson noise and were calculated using equation (8) in Vaughan & Nowak (1997) . If the coherence is significantly less than unity then the measured phase lag cannot be trusted.
See Remillard et al. (1999) and Sobczak et al. (2000a) for information regarding the analysis of the power density spectra (PDS) for XTE J1550-564. The QPO properties for each observation are listed here in Table 1. -6 -
Results
We find three fundamental types of phase lag behavior for XTE J1550-564 -one more than the two types identified by Wijnands et al. (1999) . Figures 1-4 show representative power density spectra, phase lags, and coherence functions for these three types of timing behavior. Types A and B correspond to those identified previously by Wijnands et al. Type C, the third type of phase lag behavior, appears during the first half of the outburst that was not analyzed by Wijnands et al. Figure 6 shows that these three types of QPO behavior can be grouped according to the relative contribution of the disk (or power-law) component to the total flux. The characteristics of each type of QPO behavior are discussed below and summarized in Table 2 .
Type A timing behavior is characterized by broad QPO features in the PDS (Q ∼ 2-3, where Q = ν/∆ν) near 6 Hz that are likely the superposition of a QPO peak and it's harmonic ( Fig. 1) . The integrated rms amplitude of the QPO features is a few percent. The phase lags for type A behavior are generally featureless except for a broad soft lag centered near the QPO feature with |∆φ| ∼ 1 rad and poor coherence (< 50%). The soft spectral component from the accretion disk contributes ∼ 50-70% of the 2-20 keV flux during type A behavior (Fig. 6 ). We identify 4 observations with type A QPO behavior, all of which display high-frequency (ν ∼ 100-284 Hz) QPOs Homan et al. 2000; Remillard, private communication) .
Type B timing behavior is characterized by a narrow fundamental QPO feature (Q ∼ 10) at 5-6 Hz ( Fig. 2 ) with rms amplitude ∼ 4%. The first and sub-harmonic of the fundamental QPO feature are also apparent at 11-12 and 2.5-3 Hz, respectively. Type B observations display a hard lag nearly coincident with, but slightly off-center from, the fundamental QPO feature with ∆φ ∼ 0.0-0.4 rad, as well as soft lags associated with the first and sub-harmonics. The coherence of the type B fundamental lags is typically within -7 -10% of unity and has small statistical errors, but the coherences of the harmonics have large errors. Type B timing behavior is observed when the power-law component contributes 60-75% of the 2-20 keV flux ( Figure 6 ). We identify 9 observations with type B QPO behavior, all of which display high-frequency QPOs.
We now introduce type C timing behavior (Fig. 3) , which occurs primarily during the first half of the outburst when the source is in the very high state and the power-law component contributes ∼ > 75% of the 2-20 keV flux ( Figure 6 ). Type C timing behavior is characterized by sharp (Q ∼ > 10) fundamental QPO features with a range of rms amplitudes from 3-16%. The first harmonic is present, and the first sub-harmonic is usually observed as well. The phase lags for type C behavior are typically modest, with the fundamental exhibiting soft lags |∆φ| ∼ < 0.4 rad. The sub-harmonic usually has a small soft phase lag of the same magnitude as the fundamental, whereas, the first harmonic has a hard lag, which can be several times larger than the soft lag displayed by the fundamental. The coherence of the fundamental lag is high ∼85-95%, while the coherence of the first and sub-harmonic are typically closer to 75-80%. We identify 50 observations with type C QPO behavior, only three of which also display high-frequency QPOs (observations 17 & 18 on 1998 September 20 and observation 161 on 1999 March 13; see Table 1 ).
The 50 type C observations can be further subdivided into 45 type C 1 and 5 type C 2 classifications. In the five type C 2 observations ( There are two exceptions to the three fundamental types of QPO behavior described above. The first anomalous QPO occurred during the 6.8 Crab flare on 19 September 1998 Remillard et al. 1999) . The PDS for this observation shows a 13 Hz QPO with an integrated rms amplitude of 1% ( -9 -
Discussion
Hard lags in broadband X-ray lightcurves are often attributed to the Compton upscattering of photons by hot electrons in an extended corona (Miyamoto et al. 1988; Hua & Titarchuk 1996; Kazanas, Hua & Titarchuk 1997; Böttcher & Liang 1998 ; see also Cui 1999 and references therein). In this scenario, the hard photons undergo more scatterings in order to reach higher energies and therefore lag behind the soft photons.
The hard lag is directly related to the photon diffusion time scale through the corona, which scales logarithmically with photon energy (Hua & Titarchuk 1996) , in agreement with observations (Cui et al. 1997; Nowak et al. 1999) . The time lags reported herein for XTE J1550-564 are typically on the order of 0.001-0.01 s; for a 10 M ⊙ black hole this corresponds to the light crossing time over 10-100 Schwarzschild radii. However, the measured lags in other sources can be much larger (e.g. ∼ 1 s for the 67 mHz (14.9 s) QPO in GRS 1915+105 reported by Cui 1999), which would require an extended Comptonizing region that would be difficult to maintain physically (Nowak et al. 1999; Böttcher & Liang 1999; Poutanen & Fabian 1999) . Other models for hard lags include the intrinsic spectral hardening of X-ray emitting magnetic flares (Poutanen & Fabian 1999) and waves or blobs of matter moving inward through an increasingly hotter region where the hard X-rays are emitted (Böttcher & Liang 1999) . All of these models have been proposed to explain broadband (continuum) hard lags and do not apply directly to the QPO phenonemon.
Furthermore, these scenarios cannot explain the observed soft lags, which may be due to the evolution of the QPO waveform with time (Cui 1999) . In addition, both type B & C QPOs exhibit near-perfect coherence, which presents a challenge for QPO models because there are more mechanisms for destroying coherence than there are for producing coherence (Vaughan & Nowak 1997 ).
High-frequency QPOs are coincident with all types A and B low-frequency QPOs. The -10 -low-frequency QPOs are observed at 5-6 Hz in these cases, whereas the high-frequency
QPOs vary in the range 120-285 Hz. This pattern indicates substantially less correlation between the high and low-frequency QPOs in black hole sources than that reported for the corresponding oscillations for accreting neutron stars (van der Klis et al. 1996; Ford & van der Klis 1998; Markwardt, Strohmayer, & Swank 1999) . In this sense, the behavior of XTE J1550-564 does not support the idea that QPOs in neutron star and black hole systems are fundamentally related (Psaltis, Belloni, & van der Klis 1999 ).
We do not include a discussion of the models pertaining to the origin of the QPO phenomenon. The reason for this omission is that none of the models proposed to date contain sufficient detail to fit the observed QPO properties discussed here. See Cui (1999), Markwardt, Swank, & Taam (1999) , and Sobczak et al. (2000a) for a discussion of QPO models.
Conclusions
In conclusion, we summarize the observed QPO properties for XTE J1550-564. First, whenever QPOs are observed the power-law component contributes more than 20% of the 2-20 keV flux (Sobczak et al. 2000a) . During the very high state of the outburst, when the QPOs have the largest amplitude, the disk component contributes as little as 3% of 2-20 keV flux (Sobczak et al. ,2000b . However, the QPO frequency generally increases as the disk flux increases (Fig. 7a ). These results demonstrate that both the disk and the power-law components are linked to the QPO phenomenon. Secondly, there are three fundamental types of QPO behavior which can be grouped according to the relative contributions of the disk and power-law components to the total flux (Fig. 6) . The QPOs display both hard and soft lags, as well as near unity coherence in two of the QPO types.
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a Start of observation, M JD = JD − 2, 400, 000.5.
b The statistical errors in the QPO centroid frequency are < 1% at the 95% confidence level.
c The integrated fractional rms amplitude of the QPO is the square root of the integrated power in the QPO feature, expressed as a fraction of the mean count rate. Errors are given at the 95% confidence level.
e Phase lag between 2-13 keV and 13-30 keV bands. A positive value corresponds to a hard lag. Errors are given at the 1σ confidence level.
f Errors are given at the 1σ confidence level. † Indicates observations during which high-frequency (100-285 Hz) QPOs are also observed Homan et al. 2000; Remillard, private communication) . * 6.8 Crab flare (see Fig. 1 in Sobczak et al. 1999 Sobczak et al. , 2000b . The plotting symbols are the same as in Figure 7 . The error bars are not shown so that the QPO types are easier to discern.
